Commercial solketal is known as Augeo™ SL 191 and is produced by Rhodia (a member of the Solvay Group), which stands out as a slow evaporation solvent derived from glycerin which is considered a renewable source. It has low toxicity to human health and the environment. It is a good solvent for resins and polymers, replacing solvents derived from petroleum, and can be used as an additive of (bio) fuels. This work aimed to study acidy zeolites (H-BEA, H-MOR, H-MFI, and H-FER) as new heterogeneous catalysts of solketal production, through the ketalization reaction of glycerol with acetone. The catalytic activity showed H-BEA > H-MOR = H-MFI > H-FER after 180 min, in kinetics study. The major conversion was 85% for H-BEA. It was also verified that all the catalysts can be reused four times without washing or pretreatment among reactions in batch reactor. The solketal produced in this work was characterized by comparing it with its commercial standard, obtaining very similar characteristics.
Introduction
The main goal of the Paris Treaty is to reduce the emission of harmful gases to the planet (CO x , NO x , and SO x ), which contribute to the increase of the greenhouse effect, leading to global warming and the increase of natural disasters, among others. For this reason, the use of biodiesel has been gaining more and more space in the world market. In addition to being a renewable fuel, it plays an excellent role for the environment, reducing emissions of harmful gases to the planet, compared to fossil fuels [1] .
With the success of the global biodiesel industry, the production of glycerol also had a high growth rate. For each liter of biodiesel produced, 100 mL of crude glycerol, i.e., 10%, is obtained (Figure 1) . Even if several industrialized products use glycerol in their formulation, the amount used in these products is not yet sufficient to meet the large production [2, 3] .
The development of new technologies for the processing of the high availability of glycerol has been reported in the literature as one of the most promising goals of the present day regarding the transformation of glycerol into higher added value products. In turn, in industrial processes, this transformation of glycerol into higher added value products, such as solketal, is called glycerochemistry (Figure 2) . The conversion of glycerol into other products can be accomplished by ketalization reactions, acetalization, carbonation, dehydration, esterification, etherification, hydrogenolysis, oxidation, and others [4] .
In this work the focus is on the transformation of glycerol into solketal (isopropylidene glycerol or 2,2-dimethyl-1,3-dioxolan-4-yl methanol) (green solvent) through the ketalization reaction of glycerol with acetone. The reaction for solketal production is facilitated by major homogeneous and heterogeneous acid catalysts (Figure 3) . The ketalization of glycerol with ketones generates branched oxygenates, solketal (2,2-dimethyl- [ 
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dioxane-5-ol; however, when the reaction is carried out with acetone, the selectivity is higher for the solketal molecule, which has a five-membered ring [5] .
Solketal is an excellent component for the formulation of gasoline, diesel, and biodiesel. The mixture of this compound in biofuels improves its properties, decreases viscosity, and helps to achieve the preestablished requirements for the flash point and oxidation stability of biodiesel. In addition, glycerol ketals are used as solvents, plasticizers, surfactants, disinfectants, and flavoring agents, among others. They can be used both in the pharmaceutical industry and in the food industry [5] [6] [7] .
The commercial solketal is known as Augeo™ SL 191 and is produced by Rhodia (a member of the Solvay Group) and stands out as a slow evaporation solvent derived from glycerol which is considered a renewable source. Low toxicity to human health and the environment. It is a good solvent for resins and polymers, replacing solvents derived from petroleum and can be used as a (bio) fuel additive.
The synthesis of the solketal is catalyzed by p-toluenesulfonic acid (PTSA), Brönsted's acid used in homogeneous catalysis for 12 h at 100°C [8] .
However, homogeneous Brönsted acid-type catalysts (hydrochloric, sulfuric, and p-toluenesulfonic acids, among others) have several disadvantages which reduce their usefulness, such as the difficulty of separation, inability to reuse, and corrosion of the reactor. The Menezes group (2013) proposed the use of homogeneous Lewis acid-type catalysts (SnCl 2 , SnF 2 , Sn(OAc) 2 ) that are easily recovered. The results showed that SnCl 2 was the most efficient and selective catalyst for solketal synthesis at room temperature. In addition to being easily recovered in the process of distillation of the reaction mixture, the catalyst can be reused for up to six times. The catalysts SnF 2 and Sn (OAc) 2 were not totally homogenized in the reaction mixture and therefore discarded. The use of SnCl 2 as a catalyst gave better and more economical results (at 25°C) than the conventional process, which uses PTSA as a catalyst [9] .
Ferreira studied the reaction using a heteropolyacid based on phosphorus and tungsten immobilized on silica (PW-S), obtaining conversion and selectivity of 94 and 97%, respectively [10] . Silva and his group carried out tests using β-zeolite and Amberlyst™-15 polymer resin, resulting in conversions and selectivities of 90-95% and 90-95%, respectively [11] . Researchers Li et al. performed tests using MCM-41 mesoporous solid impregnated with tin (Sn-MCM-41) and USY zeolite, as catalysts, achieving conversions of 42 and 36%, respectively [12] .
Khayoon [13] used activated mesoporous charcoal (AC) as a catalyst in the ketalization reaction of glycerol with acetone. The AC was impregnated with Ni and Zr, and the best result occurred when the carbon was impregnated with only 5% of metal and reached 98 and 86% selectivity, respectively. Using only active carbon as catalyst, they obtained 33% conversion and 81% selectivity. The results suggested that the improvement of these results was due to the addition of Lewis sites from nickel [13] . In this work, catalysts investigated for the transformation process of glycerol into solketal were acidic zeolites H-BEA, H-MOR, H-MFI, and H-FER (Figure 4 ) that can be easily recovered and reused in order to find new technological alternatives to improve the transformation routes of glycerol, a coproduct of the biodiesel industry, into products with higher added value.
Experimental

Reactants
The glycerol (99.5%) and acetone (99.5%) were purchased by the Brazilian industry PROQUÍMIOS.
Catalysts and characterizations
In this work, they used mordenite (MOR), MFI (H-ZSM-5), BEA (beta), and ferrierite (FER) acid zeolites. The zeolites were acquired in ammoniacal form, and then they were calcined at 500°C/4 h using a heating ramp of 10°C/min. After this process, the solids acquired acidic characteristics, and it is possible to use them as catalysts (H-BEA, H-MOR, H-MFI, and H-FER) in the ketalization reaction of glycerol with acetone. The catalysts were previously stored at a temperature of 100°C until the moment of reaction.
The X-ray diffraction analysis was performed to confirm the crystalline structure of the zeolites H-BEA, H-MOR, H-MFI, and H-FER before and after the calcination. The materials were characterized by X-ray diffraction in a Bruker D2 Phaser apparatus using CuKα radiation (λ = 1.54 Å) with a Ni filter, 0.02° pitch, 0.6 mm convergent slit, 10 mA current, and voltage of 30 kV, using a Lynxeye detector.
X-ray fluorescence analysis was used to verify the chemical composition of the H-BEA, H-MOR, H-MFI, and H-FER zeolites, which made the SAR calculation (silica:alumina ratio) possible. The pastille preparation was performed using approximately 500 mg of the sample and analyzed on a Bruker XRF-S2 Ranger spectrometer.
The textural analysis was used to calculate the specific areas, volumes, and pore sizes of the H-BEA, H-MOR, H-MFI, and H-FER zeolites by the Tristar 3000 Surface Area and Porosimetry Analyzer (Micromeritics) equipment. The specific area was obtained using the BET method (Brunauer, Emmet, and Teller); the specific volume and pore diameter were obtained by the BJH method from the adsorption/desorption isotherms. The samples, after weighing, were subjected to a drying heat treatment at 300°C under a vacuum of 5 × 10
torr for a period of 24 h, then 
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cooled to room temperature, and again weighed to start the analysis at a temperature of −196°C, thus obtaining the sorption (adsorption/desorption) isotherms of N 2 at different partial pressures of N 2 .
The SEM analysis was performed on a Hitachi Tabletop Microscope TM-3000 using a high-sensitivity semiconductor backscattered electron detector.
The analysis of thermoprogrammed ammonia desorption was performed to calculate the total acidic strength and to classify and to quantify the type of strength (strong/weak) of the acid sites of the zeolites. The measures TPD-NH 3 of ammonia were performed on a Micrometrics 2910 equipment. The procedure took place in various steps. Firstly, the catalysts are subjected to a heat treatment in order to remove impurities physically adsorbed at the acid sites of the catalyst; for this a heating rate of 10°C/min up to 550°C/30 min was used in the presence of helium gas. After, the sample was cooled to 180°C with a stream of NH 3 (33 mL/min) for 30 min. Then, a helium flow was passed for 90 min in order to eliminate all the ammonia adsorbed physically in the catalyst. The analysis was terminated with the thermoprogrammed desorption of the ammonia which was chemically adsorbed at the acid sites of the catalyst; at this stage a heating rate of 15°C/min was used under the helium flow (30 mL/min) at temperature range between 180 and 550°C, after remaining for 30 min at 550°C. The ammonia desorbed at different temperatures was dragged by the current of helium gas that passed through a mass spectrometer (MS), thus making it possible to calculate TPD-NH 3 values of the acidity sites.
Catalytic tests
The catalytic tests for the ketalization reaction of glycerol with acetone were conducted in a batch reactor (V = 300 mL) which was fed with 40 g of glycerol (0.43 mol), 500 rpm, 60°C, and 5% of catalyst (in relation to mass of the limiting reactant), and molar ratio glycerol:acetone was 1:4. The conversion of the glycerol and the solketal selectivity were studied. The reaction time was 180 min, and aliquots were collected to monitor reaction kinetics. All reactions of this work were performed in triplicate. The reactor has thermocouple, transducer, temperature controller external heating mantle, and agitation system. At the end of the reactions, each reaction aliquot or suspension was filtered to separate the reaction/catalyst mixture. For the partial removal of water, 2 g of anhydrous sodium sulfate was added to the obtained mixture which was again filtered. All samples were stored at 15°C until analysis by GC-FID.
Reuse tests
Reused reactions of the catalysts and product analysis were carried out under the same conditions as the kinetic study with a reaction time of 60 min. Each catalyst (H-BEA, H-MOR, H-MFI, and H-FER) was used in five consecutive reactions. The product was filtered, and the catalyst returned to the reactor for the next reaction without pretreatments or washes, and so on.
Product analysis
The products of the glycerol ketalization reaction were analyzed quantitatively by means of a Shimadzu gas chromatograph with a flame ionization detector (CG-FID), using internal standardization methodology. The column employed was Carbowax (30 × 0.25 × 0.25 μm polyethylene glycol).
The internal calibration method was applied to glycerol (99.5%) and solketal (98%) chromatographic standards using 1,4-dioxane (99.8%) as the internal standard. Moreover, a response factor was introduced to correct the GC area and obtain quantitative results.
Calculations of conversion of glycerol (X Gly ) and selectivity to solketal (S Skt ), in percentage, were obtained by the following equations:
• Conversion of glycerol (X Gly% ):
where C Gly0 is the molar concentration (mol/L) of glycerol at the beginning of the reaction and C Gly is the molar concentration (mol/L) of glycerol at the end of the reaction.
• Selectivity (S Skt% ):
where A Skt is the area of the desired product and A Products is the sum of the area of the solketal with the area of the unwanted products, obtained in the chromatograms.
Solketal characterization
At the end of the kinetic and/or catalytic tests in the GreenTec laboratory for the ketalization reaction of glycerol with acetone, the suspension remaining in the reactor composed of the glycerol-acetone/solketal-water/zeolites mixture H-BEA, H-MOR, H-MFI, and H-FER was filtered, and the liquid phase (reaction mixture) was stored in amber glass bottle. This reaction mixture was processed by rotoevaporation and fractional distillation. First, the reaction mixture was rotoevaporated to remove the remaining acetone. After the pH was adjusted between 5.5 and 6.5 with the addition of NaOH solution, 1 mol/L, to avoid the formation of other gases during the distillation process, store in a round-bottom flask containing pearls of glass, from the fractional distillation equipment (Figure 5a) . The distillation was carried out in the Laboratory of Reactivity of Hydrocarbons, Biomass and Catalysis (LARHCO/UFRJ). Subsequently, the fractional distillation of the reaction mixture was performed (Figure 5b) ; the entire distillation process lasted for 4 h. After the distillation process, the fraction corresponding to Solketal was stored at 15°C, analyzed by FTIR, density, viscosity and water content for comparison with the analyzes of the commercial standard by the same analyzes.
The infrared spectra were obtained in a Fourier-transform infrared spectrophotometer, Nicolet model Magna-IR 760. Samples were analyzed on KBr pellets (400-4000 cm The specific density or mass of a sample is the ratio of the mass of a sample amount to the corresponding volume. This was determined by the Anton Paar Digital Density Meter, Model DMA 5000. The methodology for the analysis was performed according to ASTM D 4052.
Kinematic viscosity measures the flow time of a given volume of liquid flowing under the action of gravity by using a calibrated glass capillary viscometer. The method for determining this parameter was that presented in ASTM D 445. Figure 6 shows the X-ray diffractograms of the zeolites employed. When comparing them with those of literature [14, 15] , the structure of the starting zeolites is confirmed, and that they have high crystallinity. The H-BEA, H-MOR, H-MFI, AND H-FER zeolite showed diffractograms similar to the standards of the International Zeolite Association (IZA) (www.iza-structure.org) [16] .
Results and discussions
Catalysts characterization
The chemical composition of the zeolites was also studied by FRX, and the results are given in terms of oxides. The zeolites H-BEA, H-MOR, H-MFI, and H-FER are formed by oxides of silica and aluminum and also have small amounts of impurities. Through FRX analysis, it was also possible to determine the SARs (SiO 2 / Al 2 O 3 ratio) for each sample ( Table 1) .
Through SAR results, it is possible to have a slight notion about the Brönsted acidity of the zeolites used in this work, that is, the smaller the ratio, the greater the amount of aluminum in the structure and the greater the amount of compensation cations, providing a greater number of acidic sites in the zeolite [16, 17] . This acidity can be better studied by the analyses of TPD-NH3.
Scanning electron micrographs of the materials are shown in Figure 7 , all on the same scale. Table 1 .
Composition (%) Catalysts
H-BEA H-MOR H-MFI H-FER
Chemical composition and SARs of H-BEA, H-MOR, H-MFI, and H-FER zeolites by X-ray fluorescence.
Figure 6.
Diffractograms of zeolites H-BEA, H-MOR, H-MFI, and H-FER.
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It is observed that the H-BEA patches are smaller and appear to have a more homogeneous morphology. This is in agreement with the greater specific external area that this material has in relation to the others. The other materials have a more heterogeneous particle size distribution, and no definite shape is observed for the crystals. This may be due to the scale used in the micrograph or because they are commercial materials, which usually have a more heterogeneous morphology than those synthesized in the laboratory (on a lower-scale production).
By the adsorption analysis of N 2 ( Table 2) , it was observed that the materials are essentially microporous, characteristic of zeolitic materials. The H-BEA has the Table 2 .
Micrographs of H-BEA (a), H-MOR (b), H-MFI (c), and H-FER (d) zeolites by X-ray fluorescence.
Characteristics
H-BEA H-MOR H-MFI H-FER
Textural characteristics of H-BEA, H-MOR, H-MFI, and H-FER zeolites.
higher specific area due to its higher contribution of micropores and external area (due to smaller particle sizes). Ammonia is often used as a probe molecule in acidity analyses because it has small molecular size, is stable, and possesses strong basic strength. The NH 3 thermoprogrammed desorption results of the H-BEA, H-MOR, H-MFI, and H-FER zeolites are shown in Table 3 .
The zeolite H-BEA had the superior acid strength (2.34 mmolNH 3 /g cat ) and bigger ratio of the strong:weak sites (1.65) than the other zeolites since this characteristic contributes to a higher catalytic activity for this reaction.
Kinetics and catalytic tests
The kinetic study, using the H-BEA, H-MOR, H-MFI, and H-FER catalysts, was carried out under the conditions chosen from the catalytic tests: 60° C, 550 rpm, 5% catalyst, and molar ratio glycerol:acetone 1:4. In this step, the results of conversion to glycerol and selectivity to the solketal were followed (Figures 8 and 9) .
In analyzing Figures 8 and 9 , it is noted that the H-BEA catalyst gave the higher glycerol conversion, reaching 85% at 180 min. However, the H-FER catalyst ends Table 3 .
Quantification of weak, strong, and total acidity sites. the reaction with 75% of glycerol conversion, while H-MOR and H-MFI had the same conversion, practically, at the end of the reaction, 180 min. Figure 8 shows that the most selective catalysts to solketal were H-BEA and H-MFI catalysts presenting values practically constant, on average 98 and 96%, respectively.
Figure 8. Glycerol conversion (%) using H-BEA, H-MOR, H-MFI, and H-FER zeolites as catalysts at
Catalytic activity
Many researchers have attempted to explain the activity and catalytic deactivation of the heterogeneous catalysts used in the ketalization reaction of glycerol with acetone using heterogeneous catalysts [17] [18] [19] [20] [21] [22] [23] [24] [25] .
One factor that determines the activity of H-BEA zeolites is the size of the catalyst particle size and the presence of strong acid sites. The higher the SAR of the zeolite, the higher its acid strength and the lower the number of acid sites [17] .
It is not only the acid sites of the catalyst that play an important role in the catalytic activity for this reaction but also the porosity of the catalyst [18] . Frisch (2003) concluded that the kinetic diameter of the reactants and the products of this reaction are in the range of 0.43-0.51 nm [19] .
According to the literature, both Lewis acid and Brönsted acid sites are active for the ketalization reaction of glycerol with acetone [18] [19] [20] [21] [22] [23] [24] .
Therefore, all the results obtained in this work can be based on the characteristics of the catalysts previously discussed in the literature. They can also help explain the data obtained in this work with zeolites H-BEA, H-MOR, H-MFI, and H-FER as catalysts. The characteristics of H-BEA contributed to it being the most active catalyst in the ketalization reaction of glycerol with acetone, when compared with the characteristics of H-FER. The zeolites H-MOR and H-MFI showed catalytic intermediate activity.
Even though acid catalysts have high activity, they can be deactivated by blocking the active sites by water molecules formed during the reaction. The higher the hydrophobicity of the catalyst, the lower the number of acid sites. However, 
Solketal selectivity (%) using H-BEA, H-MOR, H-MFI, and H-FE zeolites as catalysts at 60° C, 550 rpm, 5%
catalyst, and molar ratio glycerol:acetone 1:4. hydrophobic groups act at the glycerol/acetone interface, reducing the interference of water molecules on the surface of the catalyst [20, 25] .
Another approach, in terms of turnover frequency (TOF), the number of glycerol moles converted by moles of acidic site catalysts per hour, was performed at 60°C and 180 min, according to Eq. (3), [19] :
where NA 0 is amount of matter of glycerol at the initiation of the reaction, NA is the amount of matter of glycerol in x time (x = 1, 2, and 3 h.), N cat is the amount of matter of the acidic site catalyst, and t is the time in hours (h). The TOF values at 1, 2, and 3 h are presented in Figure 10 .
The value of TOF tends to decrease with the passage of time. This observation is explained by the loss of catalytic activity or by the reaction reaching an equilibrium for reversible reactions. TOF values were practically the same, 47 h , when compared to the other catalysts, in all times of reaction. This means that from this perspective, all catalysts have basically the same activity.
Reuse testing
The reuse experiments were done for all catalysts under the same conditions used in the kinetic study. To perform these experiments, at the end of the reaction, the catalyst was only separated from the reaction solution by filtration and then reused four more times in the same manner. The reason why we chose to perform the reuse tests without the need for pretreatments (washing and calcination) for the catalysts between the reactions was to avoid the loss of time in the reuse tests and loss of material by manipulation. Because, industrially, it is not feasible to stop the Figure 10 . production to wash and calcine the catalyst every 60 min, the study was carried out in a batch reactor. Figure 11 shows the glycerol conversion results after each reuse experiment of the H-BEA, H-MOR, H-MFI, and H-FER catalysts.
Results of catalytic activity by TOF using H-BEA, H-MOR, H-MFI, and H-FER
According to Figure 11 , the H-BEA catalyst in its first use shows an excellent conversion of glycerol to the ketalization reaction of glycerol with acetone, reaching 85% conversion of glycerol and selectivity 98%. In the fourth reuse, the conversion of glycerol reaches 55% on average. The solketal selectivity remains constant throughout the process ≈98%. For the H-MOR catalyst, the conversion of glycerol drops gradually, after each reuse, and varies between 80 and 35%, and solketal selectivity remains constant, 96%. For the H-MFI catalyst, the conversion of glycerol drops gradually, after each reuse, and varies between 80 and 45%, and selectivity to solketal varies between 95 and 90%. For the H-FER catalyst, the conversion of glycerol drops gradually, after each reuse, and varies between 75 and 30%. And its selectivity to solketal varies between 90 and 85%.
It is known that some of the water produced during the reaction and/or impurities of the reactants such as sodium residues in the glycerol together with the catalyst friction on the reactor walls have destabilized the structure of the H-BEA, H-MOR, H-MFI, and H-FER catalysts, altering their crystallinity and assisting in deactivation [4] .
Product characterization
During the distillation process of the reaction products mixture, it was observed that when the distillation is carried out under vacuum between the temperatures 30 and 69°C, it occurs that the output of the remaining acetone and water between 70 and 120°C plus a fraction containing solketal is distilled. Glycerol is only removed when the system reaches 200°C. The yield of the distillation was 60% by mass of solketal over the initial blend (solketal-water-glycerol-traces of acetone). The solketal fraction is colorless but with a lower viscosity than glycerol. Figure 12 shows the appearance of the solketal GreenTec fraction after distillation of the initial blend.
FTIR analysis was used to confirm the presence of solketal in the distilled product and to compare it with its Sigma-Aldrich standard. The FTIR spectrum of the solketal GreenTec and solketal Sigma-Aldrich samples is shown in Figure 13 . Figure 13 shows a strong band at 3435 cm
which is attributed to the axial deformation of the ▬O ▬H bonds originating from the hydroxyls and hydrogen bonds between solketal molecules. The region comprising the wave numbers between 2992 and 2883 cm −1 refers to the symmetrical axial deformation bands and asymmetric axial deformation of the ▬C ▬H bonds of the methyls. The angular deformation of the water was attributed in the localized band appearing at 1650 cm , the ▬C ▬C ▬OH bond of the alcoholic group 4 was assigned.
Tables 4 and 5 present the results of density, viscosity, and water or moisture content for the solketal Sigma-Aldrich standard and the solketal produced by GreenTec.
When analyzing Table 4 , it is observed that both solketal Sigma-Aldrich and solketal GreenTec present very close densities and viscosities. Table 5 shows that only in the analysis of humidity a significant difference between the solketal samples was noticed.
Solketal GreenTec presents 56.41% more humidity than solketal Sigma-Aldrich. To remove this moisture, anhydrous sodium sulfate may be added among other drying agents, and/or the solketal GreenTec fraction is withdrawn from 75°C.
Conclusions
Glycerol to solketal transformation is possible to carry out using zeolite acidic catalysts, such as H-BEA, H-MOR, H-MFI, and H-FER, showing a very good activity (conversion 85%) and selectivity (98%). H-BEA presented a larger area, major SAR, and a bigger ratio of the strong:weak sites than the other zeolites. This characteristic contributes to a higher catalytic activity for H-BEA catalyst. All the catalysts can be reused for four times without washing or pretreatment among reactions in batch reactor, but the best catalyst is still the H-BEA zeolite for being more active and showing constant solketal selectivity. The solketal produced in this work was characterized by comparing it with its commercial standard, obtaining very similar characteristics. Table 5 .
Results of water content analysis for Solketal.
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